ABSTRACT
IMPORTANCE Infection of a cell by more than one virus particle implies sharing of cell resources. We show that multiple infection, by closely related or distantly related baculoviruses, is possible only during a brief window of time that allows additional virus particles to enter an infected cell over a period of ca. 16 h but then blocks multiple infections as newly generated virus particles begin to leave the infected cell. This temporal window has two important consequences. First, it allows multiple genotypes to almost simultaneously infect cells within the host, thus generating genetically diverse virus particles for transmission. Second, it provides a mechanism by which different viruses replicating in the same cell nucleus can exchange genetic material, so that the progeny viruses may be a mosaic of genes from each of the parental viruses. This opens a completely new avenue of research into the evolution of these insect pathogens.
S
uperinfection exclusion is a mechanism by which a virus that establishes an infection in a host excludes subsequent infection by another virus (1) (2) (3) . This effect has generally been examined using homologous interference, in which the mechanism of exclusion acts against the same or a closely related virus (4, 5) . Superinfection exclusion prevents competition by protecting the first infecting virus from competitors even if the first infecting virus is the weaker competitor overall. This allows the first virus to maximize the production of progeny virus particles once the cell has been infected. Although superinfection exclusion is a recognized effect for different virus species, several mechanisms for the phenomenon have been described (2, 3, (6) (7) (8) . However, total exclusion brings potential disadvantages for the virus, as it reduces or abolishes the possibility of generation of recombinants in situations in which the generation of genetic diversity is advantageous for virus survival.
Superinfection exclusion has previously been described in the family Baculoviridae (9) (10) (11) , although the mechanism underlying the process remains unclear. Members of this family of occluded, double-stranded DNA viruses have proved remarkably valuable as pest control agents (12) , as protein expression systems (13) (14) (15) (16) , for vaccine production (17, 18) , and as potential therapeutic gene delivery vectors (19) . Members of the genus Alphabaculovirus infect lepidopteran insects through host consumption of plant material contaminated by virus-containing occlusion bodies (OBs). The OB breaks down in the insect midgut, releasing occlusionderived virions (ODVs) that infect midgut cells by fusion with the epithelial cell membrane, a process that involves a number of peroral infection factors (20, 21) . Following an initial infection cycle, budded virions (BV) that bud through the basal membrane of the cell are produced. These progeny initiate secondary infections that disseminate the virus throughout the host insect. The secondary infection process starts when a budded virion enters a susceptible cell by endocytosis (22) , a process that is mediated by a specific virion protein, GP64. Budded virus nucleocapsids are then released from endosomes and move rapidly to the cell nucleus, where virus replication begins (23, 24) . Newly synthesized viral DNA is assembled into nucleocapsids, with two virion phenotypes produced during the course of infection: initially, nucleocapsids are transported to the cell periphery and bud out of cells as budded virions, whereas later in infection, nucleocapsids are retained in the nucleus and acquire a membrane synthesized de novo, forming ODVs that are subsequently occluded in a polyhedrin protein matrix to form OBs (24) . A functional cytoskeleton is required for virus entry and egress during the infection cycle (23, 25, 26) . Actin has been suggested to be of key importance during viral transportation to the nucleus, gene expression, and viral progeny production (23, 27, 28) . For example, treatment of baculovirus-infected cells with cytochalasin D (CD), a drug that inhibits actin polymerization, results in a lack of localization of F-actin and newly synthesized nucleocapsids, and this inhibits the production of virus progeny (29, 30) . In contrast, microtubules have been demonstrated to be important in anterograde trafficking of nucleocapsids from the nucleus to the membrane for the production of budded virions (25) .
In the present study, we characterized superinfection exclusion in alphabaculoviruses using two recombinant genotypes of Autographa californica multiple nucleopolyhedrovirus (AcMNPV) that differed in the expression of fluorescent proteins as a tool to study homologous interference and the role of actin in the superinfection exclusion process. We went on to characterize superinfection exclusion in a heterologous virus system involving AcMNPV and a phylogenetically distant alphabaculovirus, Spodoptera frugiperda MNPV (SfMNPV) (31) . The results obtained in this study give new insights into the alphabaculovirus infection process and the existence of competition between viruses.
MATERIALS AND METHODS
Cell line and viruses. The Sf9 cell line, a clonal isolate of S. frugiperda Sf21 cells, was maintained at 28°C in TC100 medium supplemented with 10% (vol/vol) fetal calf serum (32) . AcEGFP-PH ϩ and AcdsRed-PH ϩ were kindly provided by Caroline Griffiths, Oxford Brookes University. Both recombinant viruses have the respective fluorescent protein (enhanced green fluorescent protein [EGFP] or dsRed)-encoding gene inserted into the polyhedrin locus under the control of the polyhedrin promoter and the polyhedrin gene inserted into the p10 locus under the control of the p10 promoter in the AcMNPV-C6 genome, resulting in an occlusion-positive virus (33) . AcEGFP-PH Ϫ virus was kindly provided by John O. Danquah, Oxford Brookes University. The egfp gene is inserted into the polyhedrin locus under the control of the polyhedrin promoter in this virus, resulting in an occlusion-negative virus. The SfMNPV used in this study was a plaque-purified variant (genotype B) of a Nicaraguan isolate of SfMNPV (34) . All viruses were propagated in Sf9 cells at 28°C using standard methods (32) .
Analysis of superinfection exclusion against a homologous virus. Sequential infections of Sf9 cells were performed at different time intervals using budded virions of AcEGFP-PH ϩ and AcdsRed-PH ϩ . For this, 1 ϫ 10 6 cells were seeded onto sterile glass coverslips in 35-mm dishes and were allowed to settle at room temperature for 2 h. Infections were performed by removing the medium and adding 100 l of the first virus (at 10 8 PFU/ml) at a multiplicity of infection (MOI) of 10, which ensured synchronous infection. Virions were allowed to adsorb for 1 h at room temperature; the inoculum was then replaced by fresh medium, and the cells were incubated at 28°C. A total of six infection treatments were performed ( Fig. 1 (Fig. 1E) to that of the respective controls ( Fig.  1B and F) . AcdsRed-PH ϩ infections in superinfection samples (Fig. 1E ) and superinfection controls were performed at 3, 6.5, 9.5, 13, 16, 24, 27, 30.5, 38, 43 , and 48 h after the first infection (h p.i.) following the same method described for the first infection. Time point zero for the whole experiment was considered to be the moment at which the first virus inoculum was added to the set of cells from treatments in Fig. 1B , C, D, and E. At 72 h, the cells were fixed with freshly prepared 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20 min at room temperature. The cells on the coverslip were then washed twice with PBS and mounted in Vectashield fluorescence microscopy aqueous mounting medium (Vector Laboratories). Confocal images were acquired with a Zeiss LSM 510 microscope and processed with LSM Image Browser (Zeiss). At least two images were taken for each sample, and each infection was performed in duplicate. Image acquisition settings were identical for all images. Red cells (AcdsRed-PH ϩ infected), green cells (AcEGFP-PH ϩ infected), and cells with the presence of both colors (dually infected cells) were counted for each image. Expression of the red fluorescent protein was also estimated by quantifying the fluorescence intensities of 10 randomly selected cells per image following the subtraction of the background level in both superinfection and superinfection control samples using Scion Image software (Scion Corporation). The fluorescence intensity measurements were averaged for each replicate and were compared at each time point by t test using SPSS v.15 (SPSS Inc., Chicago, IL). Budded virus production. The titer of budded virus in the medium was studied to determine the temporal relationship between the exit of virions from infected cells and the development of the exclusion process. For this, batches of 10 6 Sf9 cells were seeded and infected at an MOI of 10 with AcEGFP-PH ϩ virus, as previously described. The medium was collected at different times (0, 1, 3, 6.5, 9.5, 13, 16, 20, 24, 27, 30, 38, 48 , and 72 h p.i.) and centrifuged at 2,000 ϫ g to pellet the cells. DNA extraction was then performed on each supernatant fraction using the MasterPure Complete DNA Purification kit (Epicentre Biotechnologies). Viral genomic DNA was quantified using quantitative PCR (qPCR) based on SYBR green fluorescence in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Specific primers were used to amplify in the unique gene ac97 of AcMNPV (Ac.1, GATTTGTTGGCCGAATAACG; Ac.2, TG ACTCTTTCACCCATTGCAG). The resulting PCR product was cloned into the pGEM-T Easy vector (Promega). Known dilutions of plasmid DNA were used as internal standards for qPCR. The reaction mixture (20 l) contained 10 l SYBR Premix Ex Taq (2ϫ), 0.4 l of ROX reference dye (50ϫ), 0.2 l of each primer (10 pmol/l), and 1 l of DNA template. qPCR was performed under the following conditions: 95°C for 30 s, followed by 45 amplification cycles of 95°C for 5 s and 60°C for 30 s, and finally, a dissociation stage of 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. All reactions were performed in triplicate. Data acquisition and analysis were handled by Sequence Detector version 2.2.2 software (Applied Biosystems). Melting-curve analysis was performed to confirm specific replicon formation during qPCR. The entire experiment was performed in triplicate.
Effect of blocking actin polymerization on superinfection exclusion. To examine the effect of CD treatment on superinfection exclusion, batches of 10 6 Sf9 cells were seeded and infected with the AcEGFP-PH ϩ virus as previously described. The virus was then replaced by medium containing 5 g/ml of CD in 0.1% dimethyl sulfoxide (DMSO). At 24 h p.i., a second infection with AcdsRed-PH ϩ virus was performed. At that moment, the virus inoculum was replaced by medium in half of the samples, whereas in the other half, it was replaced by CD-containing medium. Mock-infected cells were set up as controls, as described for superinfection exclusion above, as well as AcdsRed-PH ϩ -alone and AcEGFP-PH ϩ -alone treatments (Fig. 1A , B, C, and F), each with and without CD treatment. Also, two batches of 10 6 cells were inoculated with AcEGFP-PH ϩ and reinoculated 24 h later with AcdsRed-PH ϩ in the absence of CD treatment as an exclusion control (Fig. 1E) . Control cultures without CD were treated with 0.1% DMSO. Time point zero for the whole experiment was considered to be the moment at which the first virus inoculum was added to the samples that would subsequently be subjected to superinfection at intervals. At 48 h, the drug and the medium containing DMSO were removed, the cells were rinsed twice with medium, and fresh medium was added. Twenty-four hours later, the cells were fixed as previously described. The experiment was performed in triplicate. Confocal images were acquired with a Nikon D-Eclipse C1 microscope and processed with EZ-C1 software (Nikon).
Exclusion against heterologous viruses. Batches of 4 ϫ 10 5 cells/well were seeded onto sterile glass coverslips in 12-well plates and were allowed to settle at room temperature for 2 h. The cells were then inoculated with 80 l of a 5 ϫ 10 7 PFU/ml concentration of virus (MOI ϭ 10) to ensure a synchronous infection. To determine exclusion against a heterologous virus, the cells were first inoculated with the polyhedrin-negative virus AcEGFP-PH Ϫ . The virus was allowed to adsorb for 1 h at room temperature; the virus inoculum was then replaced with fresh medium, and the cells were incubated at 28°C for 24 h. These cells were then inoculated with SfMNPV budded virions (MOI ϭ 10), as previously described. The cells were incubated for another 48 h at 28°C (a total of 72 h following the first inoculation). Overall, four different treatments were performed: (i) inoculation of cells with AcEGFP-PH Ϫ , followed 24 h later by inoculation with SfMNPV; (ii) a simultaneous infection in which both viruses were present in the same inoculum (MOI ϭ 10 ϩ 10); (iii) an AcEGFP-PH Ϫ treatment in which cells were inoculated with the virus alone at time point zero; and (iv) an SfMNPV treatment, in which cells were inoculated with SfMNPV alone 24 h after the start of the experiment. Time point zero for the whole experiment was considered to be the moment at which the first virus inoculum was added to the cells in treatment i. Seventy-two hours later, the cells were fixed and images were acquired with the confocal microscope. Cells infected with AcEGFP-PH Ϫ were identified by the presence of green fluorescence, whereas cells infected by SfMNPV were identified by the presence of OBs. The presence of green fluorescence and OBs in the same cell was used as an indicator of dual infection by both viruses. Furthermore, the ability of SfMNPV to establish superinfection exclusion was also tested by performing an identical set of treatments in which SfMNPV was inoculated first, followed 24 h later by inoculation with AcEGFP-PH Ϫ , as previously described. Finally, 10 batches of cells were infected simultaneously with mixtures of AcEGFP-PH Ϫ and SfMNPV (MOI ϭ 10 ϩ 10), as previously described, to test for the presence of interactions between these viruses during the early stages of the infection process. At 72 h p.i., the cells were fixed and confocal images were acquired. Cells infected by each virus alone, dually infected cells, and the total cells in each image were counted.
Statistical analysis. The probabilities of infection were calculated according to the Poisson distribution, with a mean () of 10 (i.e., the MOI). The probability of a cell being dually infected by at least one virion of each virus was calculated as follows: 1 Ϫ P AB Ϫ P A Ϫ P B , where P AB is the probability of escaping infection by either virus (2.06 ϫ 10 Ϫ9 ), P A is the probability of infection with virus A alone (4.54 ϫ 10 Ϫ4 ), and P B is the probability of infection with virus B alone (4.54 ϫ 10 Ϫ4 ). For an MOI of 10 for each virus, this calculation indicates that Ͼ99.9% of cells would be dually infected, assuming that all cells were equally susceptible to infection at the moment of inoculation and that all virions were equally infectious.
The prevalence of dual infection was estimated as the product of the proportion of SfMNPV-infected cells and the proportion of AcEGFP-PH Ϫ -infected cells. This product was taken as the expected prevalence of dual infection, assuming that viruses do not interfere with one another during the early stages of infection, prior to the appearance of OBs or fluorophore protein. The proportions of observed and expected dually infected cells were compared by a paired t test after fitting a generalized linear model in GLIM with a binomial error structure specified (35) .
RESULTS
Superinfection exclusion based on homologous interference depends on the time lag between infections. To investigate the temporal aspects of superinfection exclusion, an initial infection with AcMNPV expressing EGFP was followed at different time points with a second infection challenge from AcMNPV bearing dsRed. The process of infection and exclusion was quantified by measurement of fluorescence intensities in infected cells. No significant differences were observed in the numbers of cells infected with AcEGFP-PH ϩ or AcdsRed-PH ϩ viruses following simultaneous inoculation of cells with both viruses. Overall, 4.4% Ϯ 1.2% of cells expressed only the red marker and 3.5% Ϯ 2.1% of cells expressed only the green fluorescent marker. Overall, 95.4% Ϯ 3.5% of infected cells showed expression of both markers, with respect to the frequency of AcEGFP-PH ϩ -infected cells (Fig. 2) . The frequency of dual infections decreased with increasing intervals between virus inoculations (F 9,51 ϭ 65.94; P Ͻ 0.001) (Fig. 2) . During the 9.5-h interval between inoculations, increased variability in the frequency of dual infection between replicates was observed and quantified by capturing 13 images at each time point, which were analyzed to estimate dual infection. During the 13-and 16-h intervals between inoculations, less than 20% dually infected cells were observed. During the 20-and 24-h intervals between inoculations, the frequency of dual infection by visual examination of treated cells was Ͻ0.5%. Thereafter, no coinfected cells were detected, whereas dsRed emission was clear in the cells that had been treated only with AcdsRed-PH ϩ at all time points.
The complementary experiment was also performed, with AcdsRed-PH ϩ as the first virus and AcEGFP-PH ϩ as the second virus, and nearly identical results were observed (Fig. 3) .
Resistance to a second virus infection was analyzed by quantification of the fluorescent protein encoded in the second virus genome. Mean fluorescence intensity measurements of red cells estimated with Scion Image software differed significantly between images taken from superinfection samples and superinfection controls at every time point, except from time point zero (Fig.  4) . When cells were coinfected, the intensity of AcdsRed-PH ϩ dsRed fluorescence in superinfection samples was similar to that of the dsRed control samples (t ϭ 0.359; df ϭ 3; P ϭ 0.743). At the remaining time points, the dsRed expression level decreased in both types of samples, but fluorescence decreased more markedly and was consistently lower in superinfection samples than in the controls treated with single viruses (t test following logarithmic normalization: t ϭ 2.638; df ϭ 31; P ϭ 0.013). The decreased expression of dsRed in the control samples was likely because the (Fig. 1E) , respectively. The merged image of the EGFP and dsRed channels (merge) shows coinfected cells in various shades of yellow depending on the relative expression of GFP and dsRed. The superinfection control images represent AcdsRed-PH ϩ -only-infected cells ( interval between the second infection and fixation was half that of the earlier infection, i.e., AcdsRed-PH ϩ infection performed 24 h after inoculation with AcEGFP-PH ϩ in the superinfection treatment left the dsRed gene just 48 h for replication and expression prior to fixation. As the fluorescence genes are under the control of a late promoter, this period was not sufficient to achieve high levels of dsRed expression.
The release of budded virus begins close to the time at which superinfection exclusion occurs. Budded virus release was estimated by quantifying copies of the unique gene ac97 in cellular supernatants by qPCR (97% efficiency; r 2 ϭ 0.9960). An important increase in budded virus production was observed at 16 h p.i., with an average of 11.0 ϫ 10 5 Ϯ 0.7 ϫ 10 5 viral copies/ml (Fig. 5) . At later times, the total amounts of budded virus present in the supernatant continued to increase steadily and reached 7.20 ϫ 10 7 Ϯ 0.85 ϫ 10 7 copies/ml at 37 h p.i. (Fig.  5) . The percentage of dual infections was dramatically reduced when budded viruses began to egress from infected cells and was undetectable soon after.
Disruption of the actin cytoskeleton impedes superinfection exclusion.
To explore potential mechanisms of exclusion, the role of the actin cytoskeleton, which is known to be involved in nucleocapsid entry (23) , was investigated through disruption by CD. Treatment with CD resulted in a loss of the characteristic rounded shape of Sf9 cells in both uninfected and AcEGFP-PH ϩ -infected cells (Fig. 6A) . After removing the drug, the cells recovered their normal shape, indicating that normal polymerization of actin filaments had been restored. Normal levels of red or green fluorescence signals were observed in cells infected by AcdsRed-PH ϩ and AcEGFP-PH ϩ , with or without CD treatment ( Fig. 6Ba and b) . No dsRed signal was observed in the exclusion control, in which cells were inoculated with AcEGFP-PH ϩ and reinoculated 24 h later with AcdsRed-PH ϩ in the absence of CD treatment (Fig. 6Bc) . However, dsRed signal was present in superinfected cells treated with CD, both when the drug had been rinsed out at 24 h p.i. (Fig.  6Bd) and when it had been present during the entire 48-h p.i. period (Fig. 6Be) . These observations indicate that superinfection exclusion was overcome in the presence of the CD treatment. 
Superinfection exclusion is also established against a heterologous alphabaculovirus and is not exclusive to AcMNPV.
Having demonstrated that superinfection exclusion occurs between two variants of the same virus, we progressed to studying whether similar responses would occur when different virus species attempted to infect the same cells. When cells were simultaneously inoculated with AcEGFP-PH Ϫ and SfMNPV, both OBs and green fluorescence were simultaneously observed in many of the cells, a clear demonstration of dual infection (Fig. 7A) . SfMNPV was not able to establish a productive infection in cells that had been infected 24 h previously with AcEGFP-PH Ϫ (Fig.  7B) . Similarly, when the converse experiment was performed using SfMNPV as the first virus, followed 24 h later by AcEGFP-PH Ϫ inoculation, only OBs were observed in the cell nucleus in the absence of cell fluorescence (Fig. 7C ). Hence, SfMNPV was able to block subsequent productive infection by AcMNPV.
An average (Ϯstandard error [SE]) of 132.4 Ϯ 49.2 cells were examined in each replicate, 80.8% Ϯ 4.6% of which showed signs of infection. Overall, 85.8% (SE range, 84.8% to 86.8%) of virusinfected cells were infected by SfMNPV, 14.2% (SE range, 13.2% to 15.1%) were infected by AcEGFP-PH Ϫ , and 3.8% (SE range, 3.3% to 4.4%) were infected by both viruses. The expected mean percentage of dual infection across replicates was calculated at 12.2%, which was significantly higher than the observed mean prevalence (3.8%) of dual infection (paired t test; t ϭ 4.60; df ϭ 4; P ϭ 0.01). ϩ -infected cells. Both superinfection samples and superinfection controls were seeded, inoculated with AcdsRed-PH ϩ , incubated, and fixed simultaneously. The only difference was the AcEGFP-PH ϩ treatment performed in superinfection samples at time zero. Images were taken after fixation at 72 h p.i. The squares indicate the mean relative intensities of red cells in images from superinfection controls (Fig. 1F) , and the circles are mean relative intensities of red fluorescence in cells in images from superinfection samples (Fig. 1E) . The values in control and superinfection samples differed significantly at every time point after time zero. The error bars represent standard deviations. , and e were initially inoculated with AcEGFP-PH ϩ and subsequently with AcdsRed-PH ϩ . The EGFP channel and the dsRed channel show AcEGFP-PH ϩ -infected cells and AcdsRed-PH ϩ -infected cells, respectively. The arrow in the label for each treatment (a to e) represents the 24-h period elapsed between inoculations. CD was removed at 48 h p.i., except for treatment d, in which CD was removed before the second inoculation. The images were taken at 72 h p.i.
DISCUSSION
Superinfection exclusion against a homologous alphabaculovirus was detected by sequentially infecting Sf9 cells with two different genotypes of AcMNPV. The exclusion effect was studied using genotypes carrying different fluorescent-protein genes under the control of very late promoters. Therefore, the presence of the fluorescent signals could be directly related to a complete and successful infection of the respective virus(es). The interval between infections that resulted in a very low frequency (Յ1%) of dual infections was 20 h or more. A temporal window similar to that of superinfection was previously reported for occlusion-negative viruses in Sf21 or Sf9 cells using fluorescence microscopy (9, 11) .
The block to infection with a second virus was quantified by visual counts of the percentage of dually infected cells and confirmed by analysis of the fluorescence intensity due to fluorophore expression by the second virus, which was consistently lower in the superinfecting virus than in the corresponding single-infection control treatments.
High MOIs have been linked to decreased cell viability in cell culture systems (36), although we observed no noticeable change in cell death kinetics in our study involving an MOI of 10, or up to 20 in dually inoculated cells. Also, cells exposed to high MOIs do not appear to experience saturation of cellular receptors (37) (38) (39) (40) , even when inocula comprise high titers of defective particles (11) . In contrast, MOI values in insect larvae infected by a baculovirus have been estimated at 4 or 5 genomes/cell (41) . At this MOI, almost all susceptible cells of the larva will become infected (Poisson estimated probability of not being infected, P ϭ 0.018 to 0.007), thus maximizing the exploitation of host cellular resources for the replication of these pathogens. In addition, from ecological and evolutionary perspectives, maintaining a temporal window of susceptibility to superinfection is a mechanism by which genotypically diverse virions can coinfect a single cell, resulting in the production of genotypically heterogeneous OBs (42) that can be more transmissible than genotypically uniform OBs, thereby increasing the probability of survival of the baculovirus population (43, 44) .
The cooccurrence of superinfection exclusion with the start of the exit of budded virions from infected cells revealed a temporal link between the two events. Hence, exclusion may be associated with cellular changes that are themselves associated with the egress of budded virions, which occurs at the beginning of the late stage of infection (28) . The possibility that the lack of dsRed fluorescent signal may have been due to cell death following the first infection was discounted, as the cells were just beginning full production of budded virions when they became totally refractive to a second infection, which was long before any cytopathic effects were observed (4 to 5 days); apoptosis was also not observed in AcdsRed-PH ϩ -treated cells. Actin filaments have a key role in this transition phase. In the early stages of infection, viral transcription is carried out by the host RNA polymerase II, whereas late and very late viral gene expression is mediated by a virus-encoded RNA polymerase (24, 45, 46) . The baculovirus polymerase is actin sensitive (29) , and it has been hypothesized that a shift in the nucleus from Gactin to F-actin, which is part of the virogenic stroma and stabilizes the formation of nucleocapsids, is responsible for silencing the host RNA polymerase II (28) . Therefore, actin polymerization in the nucleus is likely to be involved in silencing of both host and early viral gene transcription.
Nucleocapsid trafficking to the nucleus is mediated by thick actin filaments in the cytoplasm that interact with the viral P78/83 capsid protein (23) . This conformation changes in the following hours (4 to 7 h p.i.), the cytoplasmic cables disappear, and the G-actin concentration increases in the nucleus (28, 47) . These processes are mediated by a number of viral genes, including arif-1 (23, 48, 49) . Nuclear actin polymerizes later in infection (ϳ12 h p.i.), concurrent with the beginning of assembly of progeny nucleocapsids (28, 47) . This may be the reason why superinfection from 6 h p.i. onward resulted in lower expression of the second virus in dually infected cells, as during this period, cytoplasmic F-actin is less available to assist the transport of infecting nucleocapsids toward the nucleus and nuclear actin is also in a suboptimal configuration to facilitate host RNA polymerase in early viral gene expression.
As the lag between the first and second infections increases, the degree of virus-induced actin reorganization from the cytoplasm and within the nucleus, specifically, the reduced availability of G-actin, becomes increasingly incompatible with gene expression of the second virus at later times postinfection. In addition, the presence of early gene expression inhibitors from the first infecting virus in the nuclear environment is likely to severely hinder the expression of the early gene set of the second infecting virus. At 16 to 20 h p.i., the cell becomes fully refractive to superinfection and is geared up to budded virus production. At this moment, the second virus was unable to generate a productive infection. Whether the second virus was able to enter the cell and travel to the nucleus or initiate transcription remains unclear and should be examined in future studies.
The effect that the disruption of actin filaments may have on superinfection exclusion was investigated by the use of CD. CD treatment of cells resulted in suppression of replication of the first infecting virus due to the marked delay in early gene silencing and nucleocapsid assembly in the absence of nuclear F-actin in CDtreated cells (30) . Furthermore, infecting nucleocapsids are able to reach the nucleus in the absence of cytoplasmic actin, although the efficiency of this process is greatly reduced (28) . When CD was removed and the second virus was inoculated, both viruses proceeded to replicate normally. This confirms the key role of nuclear actin in the replication of baculoviruses; indeed, these are the only viruses that are capable of redistributing cellular actin to the nucleus to facilitate gene expression and nucleocapsid formation (28) .
Our results also show that superinfection exclusion involves not only homologous interference, but also exclusion of other lepidopteran-specific alphabaculoviruses, as every member of the genus follows the same general infection process (24) . The fact that both AcMNPV and SfMNPV, two phylogenetically distant nucleopolyhedroviruses, are able to exclude superinfecting viruses suggests that this process is common to every alphabaculovirus and is likely to be mediated by one or more of the 62 open reading frames (ORFs) that have homologs in all lepidopteranspecific baculoviruses (50) .
Inoculation of Sf9 cells with SfMNPV was markedly more efficient than inoculation with AcMNPV during coinfection studies. In simultaneous infections with both viruses, a lower than expected frequency of dual infections was observed (3.8% instead of 12.2% dual infections). The overall prevalence of infection was also lower than expected given an MOI of 10, suggesting that a fraction of the cells were not susceptible to infection at the moment of inoculation, despite our efforts to synchronize the cell cycle phase. Although our methodology determined the success of the virus cycle rather than specific phases of infection and replication in the dually infected cell, it was clear that the viruses interfered with one another, resulting in a lower than expected incidence of coinfection. It is not clear at present which aspects of the virus-cell relationship are involved in this interaction. However, our results clearly demonstrate that productive coinfection with two phylogenetically distant nucleopolyhedroviruses can occur.
In conclusion, the results presented here suggest that superinfection exclusion is likely to be common in alphabaculovirus-infected cells. Furthermore, disruption of actin filaments in the cells by treatment with cytochalasin D inhibited the exclusion process. The closing of the temporal window of superinfection coincided with the reorganization of cytoplasmic actin to F-actin in the nucleus, which in turn coincided with the end of the early phase of infection (12 to 15 h p.i.) . The temporal window of susceptibility to subsequent virus infection, during which multiple budded virions can infect cells, is likely necessary to promote genotypic diversity that favors the transmission and survival of alphabaculoviruses but incidentally allows defective genotypes (44, 51) and heterologous alphabaculoviruses to coinfect these cells. These findings also point to a possible mechanism that facilitates recombination between homologous and heterologous baculoviruses within dually infected insects. This mechanisms' potential to generate novel genotypes that comprise mosaics of genes from phylogenetically distant origins is an intriguing one that merits consideration during studies on baculovirus evolution and the phylogenetic relationships within this family of viruses.
